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Abstract: The monomer-trimer equilibrium of the ectodomain of (Chan et al., 1997; Tan et al., 1997; Weissenhorn et al., 1997;
SIV gp41l (residues 27-149, e-gpthas been characterized by Malashkevich et al., 1998clearly demonstrate that e-gp41 exists
analytical ultracentrifugation, circular dichrois(@D), and NMR  as a stable symmetric trimer withTa, = 100°C (Caffrey et al.,
spectroscopy. Based on analytical ultracentrifugation experiment&998a. It has been shown, however, by analytical ultracentrifu-
performed at different rotor speeds and protein concentrations, thgation that significant amounts of monomer may be present at
equilibrium association constant for the SIV e-gp41 trimer is8.1  physiological concentrationdVingfield et al., 1997. Indeed, the
10** M~2. The presence of intermolecular nuclear Overhausepresence of the monomer has been suggested as a novel explana-
effects in a mixture of°C and*3C-labeled e-gp41 prepared under tion for the inhibitory properties of gp41 peptidé3affrey et al.,
nondenaturing conditions unambiguously demonstrates that therE998a. In this paper we further characterize the monomer-trimer
is a dynamic equilibrium between the monomer and trimer. Theequilibrium of SIV e-gp41 by analytical ultracentrifugation, CD,
CD spectra taken as a function of SIV e-gp41 concentration sugand NMR spectroscopy.
gest that the helical content of the monomeric state does not change Previously, we reported that analytical ultracentrifugation ex-
significantly relative to that of the trimeric state. The relevance ofperiments suggested that the molecular weights of the SIV and
the monomer-trimer equilibrium is discussed with respect to gp4IHIV e-gp41 were less than expected for stable trimers. The equi-
function and the inhibitory properties of gp41 peptides. librium data were best modeled as a reversible monomer-trimer
system that obtained approximate estimates for the equilibrium
association constant®Vingfield et al., 1997. We extend our pre-
vious work to investigate the effects of rotor speed and protein
concentration on the molecular association of SIV e-gp41. A typ-
ical result is shown in Figure 1A, the data presented were derived
gp41 mediates the fusion event in HIV and SIV infecti®mankel from a global fit of SIV e-gp41 analyzed at three rotor spesde
& Young, 1998. We have previously characterized the solution Methods. The derived equilibrium association constaKt) of
and dynamic properties of the ectodomain of SIV gidp4l, 3.1 x 10 M2 is relatively close to that previously reported
which is a soluble domain consisting of residues 27-2&frey (1.5 X 10 M ~2); however, the latter analysis was performed at
et al., 1997, 1998a, 1998b; Wingfield et al., 199The solution only a single rotor speet 6,000 RPM (Wingfield et al., 1997.
structure of SIV e-gp4XCaffrey et al., 1998a as well as the  Since both SIV and HIV e-gp41 have rod-like helical structures
crystal structures of peptide fragments of HIV and SIV e-gp41(\Weissenhorn et al., 1996, 1997; Chan et al., 1997; Tan et al., 1997;
Caffrey et al., 1998a; Malashkevich et al., 199&n obvious con-
Reprint requests to: G. Marius Clore, Laboratory of Chemical PhysicsC€ in interpreting the sedimentation equilibrium data arises from
Building 5, National Institute of Diabetes and Digestive and Kidney Dis- the effects of nonidealityMcRorie & Voelker, 1993 These ef-
eases, National Institutes of Health, Bethesda, Maryland 20892-0520; e-maifects are difficult to measure but can be minimized by sample
clore@speck.niddk.nih.gov. dilution and increasing the ionic strength of the solvent. In the case

Abbreviations:CD, circular dichroism; e-gp41, ectodomain of gp41, - . P
Gdn-HCI, guanidine hydrochloride; HIV, human immunodeficiency virus; of SIV e-gp41, the inclusion of 50—-100 mM NaCl or dilution of the

NMR, nuclear magnefic resonance; NOE, nuclear Overhauser effect; S\gample starting concentrati¢fiom 0.37 to 0.09 mgmL) had no
simian immunodeficiency virus. significant effect on the calculated equilibrium association constant.
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protein concentrations where the e-gp41 monomer would be ex-
pected to be present at less than 1% and was thus not observed in
our NMR studies(Caffrey et al., 1997, 1998aA 2C/“N:13C/
15N mixed sample was prepared under nondenaturing conditions
(10 mM sodium acetate, pH 3.@t a protein concentration nearer
the K4 (1 uM protein concentrationto favor the presence of the
monomeric species and thus facilitate mixing of ti€/**N and
13C/15N species to form a heterotrimer. In contrast, the original
12C/1N:13C /15N mixed sample of e-gp41 was prepared under
partially denaturing conditionsni6 M guanidine hydrochloride
(Gdn-HC). An example of a two-dimensional plane from a three-
dimensional'?C-filtered/**C-separated NOE spectrum is shown
in Figure 1B(top panel from a sample prepared under denaturing
conditions(6 M Gdn-HC)). Note the presence of long-range inter-
molecular(i.e., intersubunjt NOEs between the methyl group of
Alal33 and the methyl groups of Leu43. In Figure WUttom
pane) the presence of the same intermolecular NOEs in a sample
prepared under nondenaturing conditions unambiguously demon-
strates that the monomer-trimer equilibrium exists.

To characterize the structure of the e-gp41 monomeric state, CD
spectra were taken as a function of protein concentrafan 1C).
For protein concentrations from 0.38-2@01, no change in the
mean residue ellipticity at 220 nm, which is characteristic of he-
lices, is apparent. Based on tKg, the monomer concentration is
expected to be greater than the trimer concentration for protein
concentrations less thangaV. The absence of change in the CD
signal at lower protein concentrations indicates that the monomer
secondary structure is not significantly different from that of an
individual subunit in the trimer. The observation that peptides cor-
responding to the C-terminal helix are unstructured in isolation
(Blacklow et al., 1995; Lu et al., 1995uggests that the tertiary
structure of the monomer does not change significantly between
the monomeric and trimeric states.

Peptides corresponding to the N- or C-terminal helices inhibit
HIV infection (Wild et al., 1992, 1994 Indeed, a peptide corre-
sponding to part of the C-terminal hel{X20) is currently under-

Fig. 1. Characterization of the monomer-trimer equilibrium of SIV e-gp41 90ing stage Il clinical trials as a new anti-HIV drdgilby et al.,
by analytical ultracentrifugation, NMR and C: The absorbance gra- 1998. Consequently, it is of interest to understand the molecular
dient(determined at 280 njin the centrifuge cell after attaining sedimen- pasijs for peptide inhibition of HIV infection. Based on the premise

tation equilibrium of SIV e-gp41 is shown in the bottom panel. The solid ¢ 4o 1 onomer-trimer equilibrium, we have presented a model to
line is the result of fitting to a monomer-trimer system, and the open circles

are the experimental values. The data correspond to a global fit for thre@ccount for the observed peptide inhibition of HIV infectia@af-
independent experiments performed at 12,000, 16,000, and 20,000 rpm.fsey et al., 1998a The present sedimentation equilibrium and
starting protein concentration of 0.18 yiigL was used in each case. The NMR data more clearly establish the existence of the monomeric
corresponding top panel shows the difference in the fitted and experimentaliate  and the CD data suggest that the monomeric state remains
values as a function of radial positidnesidualg. B: Two-dimensional | i helical. Th ilibri betw th . d tri
plane from the three-dimension&lC-separated’C-filtered three-dimen- argely helical. The equilibrium between the monomeric and tri-
sional NOE experiment80 ms mixing time illustrating intermolecular ~ Meric states, as well as the gp41-inhibitory peptide, are modeled in
NOEs from the methyl group of Ala133 to tié ands2 methyl groups of  Figure 2. In this model, the inhibitory C-terminal peptides can bind
Leul43. The Sampﬁdm the top panel was prepared by mixing equimolafo either the monomeric or trimeric stated or T). Accordingly,
amounts of denaturetiC/"*N and“C/ ™N labeled SIV e-gpa1, while that e \1_p and T-P states would not be competent for gp41-mediated
in the bottom panel was prepared by mixing equimolar amounts of natlva . .
12C /14N and 1C/15N labeled SIV e-gp41. Autocorrelations corresponding USIon. Based on the e-gp41 solution structure, the surface area of
to the residual diagonal peaks are denoted by asterisks. Note that ttlie contact region between the C-terminal helix and the neighbor-
chemical shifts of the51 and 82 methyl protons of Leu43 are slightly ing N-terminal helices would be expected to be reduced from
shifted in the two spectra due to small differences in @220 nm CD 1.679-925 & upon monomerizatiofCaffrey et al., 1998a Thus
signal as a function of SIV e-gp41l protein concentration. The ratio of ’ t that bindi f the C-t inal .,t'd to stat ,M .
monomer to total protein concentration, calculated for a monomer-trimepVE SUggest that binding ot the -.ermlna. pepude 1o state 1S
equilibrium with aK, of 3.1 x 101 M2, is plotted as a solid line. most favored due to the reduced interaction between the N- and
C-terminal helices. Moreover, the inhibitory N-terminal peptides,
which are less potent inhibito(presumably due to self-association
than the C-terminal peptidgdu et al., 1995, would also most
The analytical ultracentrifugation studies indicate that SIV andlikely bind to the monomeric state. Finally, it is important to note
HIV e-gp41l exist as an equilibrium between the monomeric andhat there are a number of differences between the ectodomain

trimeric states. NMR studies are typically performed at millimolar analyzed here and the ectodomain that exists in vivo. These dif-
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using the following equationK,,€2A%/3 = K, (M~2) where
Kabs = Ki_3in absorbency units is the molar extinction coeffi-
cient (3.68 X 10* M~* cm™1), and A is the pathlength of the
centrifugation cel(1.2 cm. The original mixed NMR sample was
prepared by mixing equimolar amounts8€/**N and *3C/*5N-
labeled proteinn 6 M Gdn-HCI and 50 mM Tris-HCI, pH 8.0, and
refolding as describedCaffrey et al., 1997, 1998aThe present
mixed NMR sample was prepared by mixing equimolar amounts
of 12C/*N and *3C/*5N-labeled protein and diluting te-1 uM
protein concentration in 10 mM acetate, pH 3.0, and stirring over-
night at room temperature. Subsequently, the mixed samples were
concentrated by ultrafiltration using an Amicon centricon-30 at
15°C. The final solution conditions for the NMR experiments were
~2 mM (in monomey) e-gp41 in 50 mM deuterated sodium for-
CP T CP mate, pH 3.0. The three-dimension&C-filtered/**C-separated

NOE experiment$Clore & Gronenborn, 1998with a mixing time

of 80 ms were recorded on a Bruker DMX 750 equipped with a
triple resonance,y,z gradient shielded probe operating at°@€5

The conditions for the CD experiments, recorded on a Jasco J-720
spectropolarimeter with 0.1-10 mm cell path lengths, were 50 mM
sodium formate, pH 3.0 at 2&.
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